Abstract. This paper presents development and application of the model aimed at
INTRODUCTION
Flood runoff assessment procedure depends on whether hydrological measurements are available on a given watercourse and if they have required scope and quality. Availability of hydrological data of satisfactory quality usually leads to the flood assessment procedure based on the statistical analysis that includes choice of the probability distribution for the observed floods, estimation of the distribution parameters and calculation of the design flood hydrograph characteristics (usually the peak flow) of a certain return period. If the flood measurements are not available, the flood assessment relies on the methods which are based on the rainfall-runoff transformation for the ungauged catchments.
For the catchments where rainfall and runoff data are available, a rainfall-runoff model may be developed. Once calibrated, such a model can be used to estimate design floods from either design or observed rainfall storms. There are several software packages that allow modelling of the rainfall-runoff process, and one of them is the HEC-HMS (Hydrologic Centre's Hydrologic Modelling System) by US Army Corps of Engineers [14] . The HEC-HMS model can be used for either event based or continuous modelling of the rainfall-runoff process and consists of a variety of methods for assessing various processes in a catchment (interception, surface depression storage, infiltration losses, runoff transformation, baseflow and hydrograph propagation). The flood hydrograph assessment is usually based on the event modelling, when the processes such as interception and evapotranspiration can be neglected in comparison to flood runoff during a relatively short simulation period covering rainfall and runoff duration. Moreover, the baseflow characterization is usually not important for the purpose of defining the design flood flows and therefore there is no need to employ the model in a continuous mode in order to compute baseflow.
Developing a rainfall-runoff model for the ungauged catchments is impossible and the usual procedure for determining the design relies on the regional relationships between the flood flows and physiographic catchment characteristics (e.g. catchment size, stream length slope, etc). Typically, synthetic unit hydrographs are developed for the ungauged catchments based on their physiographic characteristics, which are used in conjunction with the synthetic design storms to obtain the design flood hydrographs. Since the ungauged catchments are usually small, a question of the most critical design storm duration is usually resolved by trial and the storm duration producing the greatest peak flood flow is then adopted for further analysis. However, such a customary engineering practice sometimes overlooks some basic assumptions underlying the engineering methods applied in this procedure.
In this paper, the goal is to evaluate the typical procedures for design flood assessment at ungauged catchments in Serbia by comparing the traditional design flood estimates with alternative ones. To this end, in this paper a gauged small catchment (the Obnica River basin) in Serbia is selected, which is treated as an ungauged catchment and for which the design floods are estimated based on the design storms and synthetic unit hydrographs. Instead of developing a synthetic unit hydrograph based on the catchment's physiographic characteristics, a rainfallrunoff model is developed for the selected catchment in HEC-HMS based on the available observed events that served for model calibration and verification. This model was applied with the same design storms to obtain the design floods under different assumptions about the most critical design storms. Also, the design flood flows at the catchment outlet that are estimated using statistical analysis of the observed annual maximum flows provide a ground for verification of the other methods of flood flow estimation.
MODELLING FLOOD HYDROGRAPHS IN HEC-HMS

Model description
The way of simulating the runoff process with a mathematical model depends on the problem we need to solve. HEC-HMS schematizes the hydrological cycle as shown in Fig. 1 in a way that is suitable for most problems [8] . Three main components of the model should be defined first: basin model, meteorological model and control specifications. The basin model represents the catchment and the methods of computing different catchment processes, meteorological model describes the precipitation input and the methods for calculating snow melt and evapotranspiration, and the control specifications define the modelling time frame and time step.
Fig. 1 The hydrologic cycle in HEC-HMS software
In HEC-HMS, a basin model is comprised of a number of elements such as sub-basins, river reaches, junctions, retention, springs, estuaries, reservoirs and diversions (relief) [13] [14] [17] . A sub-basin is the element where the methods for the runoff modelling are defined. For the event modelling, the following methods are important: the loss method, the runoff transform method and the baseflow method. Other methods are related to interception and surface depression storage. River reaches are the elements in which hydrograph routing is performed, and is necessary when a basin needs to be decomposed into sub-basins to route hydrographs from the sub-basins to the basin outlet.
There are seven methods for modelling losses in HEC-HMS: deficit and constant, initial and constant, Green-Ampt, SCS-CN, soil moisture accounting (SMA) method, exponential losses, Smith-Parlange method.
The transformation of excess rainfall into runoff can be obtained by using one of the seven methods: Clark's unit hydrograph, kinematic wave, modified Clark's method, SCS unit hydrograph, Snyder's unit hydrograph, user specified S-graph and a user specified unit hydrograph.
The base flow can be modelled by the following methods: bounded recession, constant monthly, linear reservoir, the Boussinesq equation (non-linear) and the recession method.
Several methods are available for the hydrograph routing, including the simple lag method, the modified pulse method, the Muskingum method, but also the kinematic wave and the Muskingum-Cunge methods for detailed hydraulic computations.
The meteorological model defines type of the rainfall input, for which a range of options are available. The simplest method is the user specified hyetograph. The SCS daily storm distribution is also available for a specified total rainfall depth. Other two methods (frequency storm and the standard design storm) are also available as the design storm methods. There are three methods for calculating rainfall over the catchment from multiple gauges: gage weights, inverse distance, and gridded rainfall.
Direct runoff modelling: Snyder's synthetic unit hydrograph
In order to estimate direct runoff from small ungauged catchments or urban areas, the synthetic unit hydrograph (SUH) concept is commonly used. In this study, direct runoff simulation in HEC-HMS is performed with Snyder's SUH.
In 1938 Snyder, according to [1] , was the first who developed method for SUH determination. Construction of such a UH involves estimating a number of parameters including basin lag time, hydrograph time base, storm duration, peak flow, hydrograph widths at discharges equal to 50% and 75% of the peak discharge.
The basin lag time t p is defined as time from the centroid of excess rainfall hyetograph to the maximum ordinate of direct runoff hydrograph [10] . Snyder introduced the standard unit hydrograph on the basis of data from catchments in the north-eastern USA with areas ranging from 30 to 30000 km 2 . The standard synthetic unit hydrograph has a ratio 5.5 between the basin lag time and "standard" excess rainfall duration t k [7] :
Based on the basin geomorphologic characteristics, Snyder came to the following expression for the basin lag in hours:
where C t is the coefficient obtained from regional analysis of the selected unit hydrographs and usually ranges from 1.8 to 2.2, L is the main stream length from the catchment divide to the outlet (in km), and L c is the distance from the outlet to the point on the main stream which is closest to the catchment centroid (in km). The "standard" excess rainfall duration t k is therefore a duration that satisfies equation (1).
The peak flow of the standard unit hydrograph is computed using the following relation:
where C p is the peak flow coefficient (higher C p values are associated with lower values of C t ), and A is the catchment area in km 2 . Once the elements of the standard unit hydrograph are computed, the unit hydrograph for another required rainfall duration t k ' can be derived from it. The basin lag time t p ' for the required duration t k ' is modified according to: ' ' 0.25( )
where all lags and durations are in hours. The peak flow of the required unit hydrograph is then computed from the relationship:
Since the area under the unit hydrograph is equal to the runoff volume from the unit excess rainfall, the hydrograph time base T b is obtained by assuming the triangular shape of the unit hydrograph.
In HEC-HMS, application of the Snyder's SUH method requires specifying two parameters: the basin lag t p for the standard unit hydrograph and the coefficient C p in equation (3) . HEC-HMS then estimates the required unit hydrograph by setting rainfall duration equal to the computational time step, and computing the basin lag and peak unit flow from equations (4) and (5). However, HEC-HMS then estimates the hydrograph time base and the ordinates by finding a Clark's SUH with the equivalent peak flow and time to peak [14].
Base flow modelling
In this study, the recession method in HEC-HMS is used to model base flow. The recession method assumes the exponential decay of base flow Q b from an initial value
where t is time elapsed from occurrence of InQ b , and k is the recession constant. The initial condition can be specified as initial flow value or as initial flow value per unit catchment area.
The recession model (6) is applied at the start of runoff simulation to simulate recession limb of previous flood event, and after the direct runoff peak time when the direct runoff decreases to the threshold value specified by the user. At the time of occurrence of the threshold value, total flow is defined by (6) . The threshold value can be specified as the flow rate or the ratio of the flow to the computed peak flow (R).
Excess rainfall
The SCS method for modelling excess rainfall is widespread, simple and often used for assessment of direct runoff at ungauged catchments. The Curve Number (CN) parameter of this method varies in a wide range for different soil types and land use and can be found in comprehensive tables developed by former Soil Conservation Service (SCS), now National Resources Conservation Service of the US Department of Agriculture [16] .
The excess rainfall is obtained from the following relationship: 
where P is cumulative rainfall depth (mm) at given time step, I a is initial abstraction (mm), Q is cumulative excess rainfall at given time step (mm), and S is potential maximum soil retention (mm). Based on the assumption that the initial abstraction is a fraction of the potential maximum retention:
equation (7) becomes:
The potential retention S in mm is expressed in terms of the curve number CN:
The curve number CN ranges from 0 when S  , to 100 when S = 0. When rainfall-runoff data are available, they can be directly used to estimate the potential retention S [16] :
According to equations (10) and (11), the event value of CN can be obtained from:
Model calibration and verification
Adjusting model parameters so that the simulated hydrograph matches the observed hydrograph as closely as possible is called model calibration. This process is an optimization process with an objective function that measures the degree of agreement between the computed and the observed hydrograph. The process effectively searches for the minimum value of the objective function. Usually, model parameters are estimated through calibration if they cannot be obtained by observation and measurement, or they do not have physical meaning.
Calibration can be performed manually or automatically. Manual calibration employs the knowledge on the physical characteristics of the catchment and modeller's experience, while in the automatic iterative estimation procedure the parameters are adjusted until the minimum of the selected objective function is reached. HEC-HMS version 4.0 features an optimization manager that enables automatic calibration. There are five possible objective functions [4] : peak-weighted root mean square error (PWRMSE), sum of squared residuals (SSR), sum of absolute residuals (SAR), percent error in peak flow (PEPF) and percent error in volume (PEV).
In the flood runoff hydrograph modelling, PWRMSE is an appropriate objective function, with a weighting factor that gives greater weight to the errors around the value of the hydrograph peak:
where O(t) and M(t) are the observed and the modelled flow at time t, and O is the average observed flow.
To minimize the objective function, HEC-HMS uses two search methods [4] :  the univariate gradient (UG) method, which optimizes only one parameter while the others remain constant;  the Nelder and Mead (NM) method, which is based on the simultaneous optimization of all parameters (SIMPLEX method). The initial parameter values are set at the beginning of the optimization procedure. HEC-HMS has built-in parameter constraints that have physical meaning. Fine bounds can be defined by user in order to achieve greater efficiency.
Model performance can be evaluated by different model efficiency measures. In addition to PWRMSE as an objective function given by equation (13), some of these measures are described below.
The percent error in peak flow (PEPF) considers only the peak value and disregards the hydrograph volume and time to peak:
where O(peak) and M(peak) are the observed and the modelled peak values, respectively. The correlation coefficient between modelled and measured flows (CORR) is obtained using the expression:
where O t and M t are the observed and the modelled flow at time t, O and M are corresponding means over the calibration period, and N is the number of data.
The root mean standard error is obtained as:
The Nash-Sutcliff efficiency E is defined by [5] :
Model verification is the process of testing the model on the basis of data that were not used for calibration. During the verification process, the parameter values are not changed. Model performance is evaluated again in the verification process to check the adopted parameter values. If the model is well calibrated, its performance with the verification data should be similar to that with the calibration data.
DESIGN STORMS
Design storm that produces maximum runoff on a small ungauged rural or urban basin, where time of concentration ranges from several minutes to several hours, is usually selected from the depth-duration-frequency (DDF) relationships. The greatest problem in estimating rainfall of duration shorter than one day in Serbia is lack of representative DDF relationships for a given catchment due to sparse recording raingauge network. The hydrologists are therefore forced to transpose the design storms from the nearest recording raingauges to the location of the study by using data on daily rainfall from the non-recording gauges within the basin or close to it. The transposition is made by assuming that the ratio of the short duration rainfall to the daily rainfall at the gauge location is also valid for the studied basin. The short duration rainfall for the basin is therefore calculated as:
where t k denotes storm duration and T denotes return period.
Daily design rainfall for the basin is obtained by finding the areal average from the design daily rainfall at the non-recording gauges. In this study we applied the Thiessen polygon method as a frequently applied method for averaging rainfall. The maximum daily rainfall depth for the return period T is then [9] :
where a i is the Thiessen polygon area for i th gauge (km 2 ), P i (T) is the maximum daily rainfall for return period T at i th gauge (mm), A is the catchment area (km 2 ), and n is the number of considered non-recording gauges.
The last step in defining design storms is to develop the design hyetograph. The short duration rainfall is generally not distributed uniformly in time and the shape of the runoff hydrograph is strongly affected by the hyetograph shape. In typical engineering applications in Serbia, temporal distribution of design storms is not considered and constant intensity hyetograph shape is usually adopted (so called block storm method). Temporal distribution of design storms can be developed either statistically or synthetically. In this study, two types of design storms are used as the input to the rainfall-runoff model:
 design storms of constant intensity with different durations (block storms), and  24-hour design storms with temporally varying intensity. The synthetic design rainfall hyetographs for the 24-hour storms are obtained by the alternating block method [3] , following the steps below:
a. For the design storm of return period T and duration t k , design rainfall depths for all durations in t increments are taken from the DDF curve for the same return period; b. Incremental rainfall depths are calculated from the design rainfall depths for all durations in t increments; c. The highest incremental value is placed in the middle of hyetograph. The second highest block is placed to the right of the maximum block and the third highest to the left. The fourth highest rainfall increment is placed to the right of the maximum block after second block and so on until the last one.
DATA AND RESULTS
Basin model
The rainfall-runoff model for the Obnica River basin, shown in Fig. 2 , is developed in HEC-HMS software as the lumped model. The basin is a typical mountainous basin with an area of 185 km 2 . The flow is measured at hydrological station Belo Polje at the catchment outlet. As described in section 2, Snyder's SUH is selected for direct runoff computation and rainfall excess is assessed applying the SCS-CN method. Base flow is modelled by the recession method. Table 1 , and were determined using GIS software on the basis of digitized 1: 25,000 topographic maps.
For the rainfall excess assessment, initial value of CN is estimated using Corine Land Cover database [2] , taking into account runoff conditions (land use and soil hydrogeological characteristics) and literature [9] . 
Model calibration and verification
The model calibration was performed using eight recorded hydrographs and the corresponding rainfall events in the Obnica River basin [9] using the PWRMSE objective function as the criterion. Computational time step was 30 minutes in accordance with the available rainfall and flow data. Table 2 provides an overview of the parameters of the selected modelling methods and explains how they are calibrated. Calibration was performed with both search methods described in section 2.5, namely one parameter optimization (UG) and the simultaneous optimization of all parameters (NM). Manually calibrated, initial values are adopted as described in section 2.3 Inflection point to peak ratio R Recession constant k
The calibration results with two optimization methods showed similar correlation coefficients between the observed and simulated hydrograph characteristics. The parameter values obtained by the UG optimization method were adopted because the values of CN and initial abstraction vary in a narrow range across the calibration events ( Table 3 ). The correlation coefficient between the observed and modelled hydrograph volumes is CORR = 0.987, while the correlation coefficient between the observed and modelled flow peaks is CORR = 0.947. Base flow parameters were calibrated manually according to minimum difference between runoff volumes of the measured and modelled hydrograph. Calibration results are given in Table 3 . Adopted values of the parameters are shown in the last row of Table 3 . The model was verified with a separate set of events. The results of the verification are given in Table 4 by comparing the observed and simulated peak flows, times of peak and total runoff volumes. The model performance indicators shown in Table 4 justify the parameter values adopted in the calibration process. 
Development of design storms
Maximum daily rainfall for the Obnica River basin was determined by the Thiessen polygons method based on the statistical analysis of maximum daily rainfall at five rain gages: Majinović, Poćuta, Pecka, Oseĉina and Valjevo. Processing period was 1946-2006 [5] [11] .
Short duration rainfall depths and intensities (DDF and IDF curves) were available for the Valjevo rain gage station. The study included the annual maximum intensities for the following durations: 10, 20, 30, 60, 120, 180, 360, 720 and 1440 minutes. Design rainfall depths of different durations for the Obnica basin were calculated using the DDF curves for the Valjevo station multiplied by the ratio of maximum daily rainfall depths for the basin and at Valjevo [11] . The resulting DDF curves ordinates for exceedance probabilities 1%, 2% and 5% are shown in Table 5 . Last two rows in Table 5 show maximum daily rainfall for the basin and at the Valjevo station that were used for calculations.
Five meteorological models were made in HEC-HMS depending on design rainfall duration. For the durations of 3, 6, 9 and 12 hours constant intensity rainfall was assumed (block storms), while a synthetic hyetograph was developed by the alternating blocks method for the 24-hour rainfall duration. 
Results of model simulations with design storms
The comparative results of the runoff hydrograph peak flows simulated by the rainfallrunoff model using HEC-HMS and the design flows obtained by statistical analysis of annual maximum flows of the Obnica River at Belo Polje hydrologic station for 1954-2006 [5] are shown in Fig. 3 . Table 7 also shows the values of simulated peak flows with exceedance probability of 1%, 2% and 5%, and the corresponding characteristic times of the synthetic unit hydrographs. Compared to the flood peaks estimated by statistical methods (Log-Pearson type 3 probability distribution [5] ), it can be seen that the best agreement in the 1% design floods is obtained with synthetic design storm of 24 hours duration. Among the block storms of various durations, the 2% design flood closest to the statistical ones was obtained with the 6 hours block storm, while the 12 hour block storm is the closest to the 5% flood. In general, block storms of all durations performed well for higher (5%) probability of exceedance, while the 24-hour alternating block storm outperforms block storms for lower probabilities of exceedance (2% and 1%).
CONCLUDING REMARKS
By calibrating a flood hydrograph model based on synthetic unit hydrographs for a gauged basin (the Obnica River) using the HEC-HMS software and then applying the calibrated model to the design storms -a procedure typical for ungauged basins, it was possible to analyse the uncertainties in estimating design floods at the ungauged basins. The results have shown that the following conclusions can be made.
The highest values of design floods with return periods of 20, 50 and 100 years were obtained with the 24 hour temporally distributed synthetic design storm. Constant intensity storms of shorter durations fail to reproduce design floods of low frequency such as the 100-year flood. Among the block storms, the 6-hour design storm provides the highest design floods; this indicates that 6 hours is the critical storm duration for the Obnica River basin, what is in accordance with other studies [9] [18] . At the same time, it is obvious that the assumption on the constant rainfall intensity is not justified for the given catchment size and critical storm duration.
For application of the commonly used SCS curve number (CN) procedure the model calibration has shown that it would be of great importance to develop a unique method of estimating CN in Serbia based on the observed rainfall and flows. Curve number CN is usually estimated from the tables provided by SCS (NRCS) [16] based on different types of land cover and use. Such estimation needs to be compared to the neighbouring catchments (similar) where there are data on observed flows and rainfall.
Design flood hydrograph estimation using the design rainfall concept is affected by the selected hyetograph form, especially in terms of peak flow and time to peak. Also, realistic flood hydrographs specific for considered area can be determined only through calibrating a rainfall-runoff model considering soil structure, moisture conditions and processes in the catchments. However, since this procedure is impossible at ungauged catchments, it is necessary to carefully select not only the elements of the synthetic unit hydrographs, but also to provide a set of design storms that can produce realistic design floods. 
ODREĐIVANJE RAČUNSKIH
